As a result of the increasing use of glass fiber reinforced plastic (GFRP) composites in engineering fields, the investigation of scale effect on impact performance for this kind of composite is essential for large scale structure design. The effects of scaling on the impact response of simply supported unidirectional GFRP were investigated through drop weight impact (DWI) tests in this study. Impact tests were undertaken over a wide range of energies to generate damages between barely visible and initiated penetration on four scale size GFRP laminates. The main impact responses including impact force, contact duration, displacement, energy absorption and damage area of scaled specimens were normalized to compare with the full-size specimen. It was found that the impact response of large sample with elastic deformation and small area of delamination can be predicted accurately according to a geometrical similar scaling law. Scale effect was found in the damage threshold force and absorbed energy of the laminates when significant internal damage occurs due to the microstructural effect becoming important in resisting impact force and absorbing impact energy. Moreover, the energy partition and effective stiffness were calculated according to the energy balance model to reveal the contribution of different modes of deformations on energy absorption for the GFRP laminates.
Introduction
As fiber reinforced composite materials are being more widely used in the aerospace industry, and fields like construction and yacht hulls, an on-going constant source of concern is the effect of foreign object impacts on their mechanical properties [1, 2] . Impact is a dynamic event, large deflections and membrane effects are usually significant during impact, which cause numerous damage modes, such as matrix cracking, delamination, and fiber fracture and so on. The impact behavior and damage modes of composite structure are closely related to the inherent character of the composites, as well as their dimensional scales [3] . Hence, due to the overall complexity of the impact problem, experimental data are needed to determine the impact response and resulting damage modes in particular material systems and structural geometries. For economic reasons, impact experiments are frequently carried out at a laboratory scale. It is necessary to be able to scale this response to real structures of interest [4] [5] [6] .
Scaled tests are a reliable way to investigate size effects of composite materials, if the complete test arrangement is correctly scaled, the stress distribution should be the same in all samples [7] . Even if there are stress concentrations, they should have the same effect on the all sized specimens. This requires the complete test geometry to be scaled, including any loading fixtures [8] . In recent years, Impactor
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In this study, the dimension of the specimen, impactor and support ring diameter were scaled as "n", the impactor mass and the impact energies were scaled by "n 3 ", the resulting contact force and damage area were scaled by "n 2 ". Other parameters showed in Table 1 with scale factor of 1 are not scaled in this investigation, and these values are constant for all the tests.
Materials and Methods

Materials and Fabrication
The glass fiber reinforced epoxy composite investigated in this research was based on unidirectional E-glass fiber reinforced FM94 epoxy resin prepreg supplied by the Advanced Composites Group Ltd., East Midlands, UK. The mechanical properties of the prepreg system and the fabrication process is detailed in previous work [27] . The stacked sequence of the GFRP laminates is [0,90] λs (λ = 1,2,3,4) and the resulting fiber volume fractions are all 55%. All of the panels were subjected to the same manufacturing conditions, i.e., time, temperature and pressure, to avoid unwanted variations in the laminates. After manufacturing, the square panels were cut using a slitting wheel and finished to achieve the appropriate scale size. Four scaled specimen sizes with values of the scale factor n corresponding to n = 4 and 1 (full-scale size) were manufactured to investigate the scale effect of the GFRP laminates. The geometrical dimension of the GFRP specimens was scaled as shown in Table 2 . 
Low-Velocity Impact Test
The low-velocity impact response of the scaled GFRP laminates was investigated using an Instron CEAST 9350 drop-weight impact machine (Instron, Norwood, MA, USA) at room temperature. Here, hemispherical indenters were also geometrically scaled with diameter of 20n mm (5, 10, 15 and 20 mm), and were used for the four scale size of specimens, respectively. These four scale size samples were simply supported by four scaled steel circular support rings as shown in Figure 1 , the circular support has an inner diameter of 200n mm (50, 100, 150 and 200 mm), as listed in Table 2 . A release height of 500 mm was employed for all specimens to achieve a constant impact velocity of approximately 3 m/s. Impact force data were acquired as voltage output and then transferred into a module 64K DAS (Data Acquisition Station) at a frequency of 100 kHz. Impact velocity was acquired by a photoelectric sensor. During the impact test, the impactor was released and dropped vertically passing through the photoelectric sensor beam, and the impact velocity was detected when the tip of the impactor just touched the surface of the specimen. The error of the measured velocity is within 0.01 m/s. The displacement was calculated by Pro Analyst software (Workstation), basically considered from load-time relation. The friction and heat transformation between impactor and samples were neglected and the incident energy was assumed be absorbed by the sample. In order to predict the full-scale size impact response of the specimens, a range of initial impact tests was conducted with impact energies ranging from relatively low values, which produce large elastic or plastic deformations in the samples up to the high values which cause matrix cracking, delamination and penetration in the n = 1 4 scale size panels. After initial tests were carried out, the masses of the carriage (hence the impact energy) used for all size specimens were determined accordingly. It was found in the previous work [3] that the impact force of this type of GFRP composite laminates is reproducible. Therefore, only one sample was tested for each impact energy in this study. The drop weight impact (DWI) tests were undertaken over a wide range of energies to generate damage between that which is barely visible and large-scale delamination as well as initiated penetration. The impact mass and energy applied on each test were given in Table 3 . 
The low-velocity impact response of the scaled GFRP laminates was investigated using an Instron CEAST 9350 drop-weight impact machine (Instron, Norwood, MA, USA) at room temperature. Here, hemispherical indenters were also geometrically scaled with diameter of 20n mm (5, 10, 15 and 20 mm), and were used for the four scale size of specimens, respectively. These four scale size samples were simply supported by four scaled steel circular support rings as shown in Figure 1 , the circular support has an inner diameter of 200n mm (50, 100, 150 and 200 mm), as listed in Table 2 . A release height of 500 mm was employed for all specimens to achieve a constant impact velocity of approximately 3 m/s. Impact force data were acquired as voltage output and then transferred into a module 64K DAS (Data Acquisition Station) at a frequency of 100 kHz. Impact velocity was acquired by a photoelectric sensor. During the impact test, the impactor was released and dropped vertically passing through the photoelectric sensor beam, and the impact velocity was detected when the tip of the impactor just touched the surface of the specimen. The error of the measured velocity is within 0.01 m/s. The displacement was calculated by Pro Analyst software (Workstation), basically considered from load-time relation. The friction and heat transformation between impactor and samples were neglected and the incident energy was assumed be absorbed by the sample. In order to predict the full-scale size impact response of the specimens, a range of initial impact tests was conducted with impact energies ranging from relatively low values, which produce large elastic or plastic deformations in the samples up to the high values which cause matrix cracking, delamination and penetration in the n = ¼ scale size panels. After initial tests were carried out, the masses of the carriage (hence the impact energy) used for all size specimens were determined accordingly. It was found in the previous work [3] that the impact force of this type of GFRP composite laminates is reproducible. Therefore, only one sample was tested for each impact energy in this study. The drop weight impact (DWI) tests were undertaken over a wide range of energies to generate damage between that which is barely visible and large-scale delamination as well as initiated penetration. The impact mass and energy applied on each test were given in Table 3 . Figure 2 shows the typical impact force versus time histories for four scale size specimens tested at a range of energies, including 11.93n 3 , 50.26n 3 , 69.68n 3 , 99.32n 3 , 120.78n 3 and 150.04n 3 J. It can be clearly seen that increasing the impact energy leads to the enhancement of impact force and contact duration for all size samples. As expected, the maximum impact forces are strongly dependent on the incident energy. These different levels of incident energy caused distinct impact responses for GFRP laminates. The force-time traces show similar trends for all four scaled size samples following lower incident energies of 11.93n 3 , 50.26n 3 and 69.68n 3 . For the lowest impact energy of 11.93n 3 , relatively large amplitude of oscillation was found for the force-time trace due to some ringing inside the load cell and dynamic effects in the plate. No evidence of load drops on the force vs. time traces of these three sets of impact energies was found in spite of the fact that delamination has initiated at the impact zone. It was found that the full-scale size GFRP laminates achieved damage threshold at an incident energy of 99.32 J, this indicating significant damage occurred in this laminate after impact. However, other three scale size sample achieved damage threshold at a higher incident energy level of 120.78n 3 J, which means smaller size samples exhibit better impact resistance for this type of composite. As for the impact energy of 150.04n 3 J, the maximum force drops sharply after reaching the peak due to the damage propagation. A clear inflection point can be seen in the Figure 2 shows the typical impact force versus time histories for four scale size specimens tested at a range of energies, including 11.93n 3 , 50.26n 3 , 69.68n 3 , 99.32n 3 , 120.78n 3 and 150.04n 3 J. It can be clearly seen that increasing the impact energy leads to the enhancement of impact force and contact duration for all size samples. As expected, the maximum impact forces are strongly dependent on the incident energy. These different levels of incident energy caused distinct impact responses for GFRP laminates. The force-time traces show similar trends for all four scaled size samples following lower incident energies of 11.93n 3 , 50.26n 3 and 69.68n 3 . For the lowest impact energy of 11.93n 3 , relatively large amplitude of oscillation was found for the force-time trace due to some ringing inside the load cell and dynamic effects in the plate. No evidence of load drops on the force vs. time traces of these three sets of impact energies was found in spite of the fact that delamination has initiated at the impact zone. It was found that the full-scale size GFRP laminates achieved damage threshold at an incident energy of 99.32 J, this indicating significant damage occurred in this laminate after impact. However, other three scale size sample achieved damage threshold at a higher incident energy level of 120.78n 3 J, which means smaller size samples exhibit better impact resistance for this type of composite. As for the impact energy of 150.04n 3 J, the maximum force drops sharply after reaching the peak due to the damage propagation. A clear inflection point can be seen in the ½, ¾ and full-size specimens as the impact load decreases. Scaling effects in the force-time traces were investigated by dividing the impact force by the square of the corresponding scale size, (F/n 2 ), and the timescale by the scale size, (t/n). Figure 3 shows the resulting normalized force-time curves. An examination of the first two figures of 11.93n 3 Scaling effects in the force-time traces were investigated by dividing the impact force by the square of the corresponding scale size, (F/n 2 ), and the timescale by the scale size, (t/n). Figure 3 shows the resulting normalized force-time curves. An examination of the first two figures of 11.93n 3 and 50.26n 3 J indicate that all of the normalized traces are very similar in appearance, this suggests that the impact forces and durations for this type of composite can be scaled accurately at relatively low impact energy. However, the scaled maximum impact force of 1 4 scaled size sample was much lower than the other three scaled size samples following impact energy of 99.32n 3 , 120.78n 3 and 150.04n 3 J. The dash line represents the maximum impact force of the full-scale samples at an impact energy of 150.04n 3 J, with a 30% discrepancy between the 1 4 and full-scale samples, as shown in Figure 4a . In contrast, the impact duration for these four size samples were scaled relatively accurate at a whole range of the impact energies, with only a 15% discrepancy found between the values of that the impact forces and durations for this type of composite can be scaled accurately at relatively low impact energy. However, the scaled maximum impact force of ¼ scaled size sample was much lower than the other three scaled size samples following impact energy of 99.32n 3 , 120.78n 3 and 150.04n 3 J. The dash line represents the maximum impact force of the full-scale samples at an impact energy of 150.04n 3 J, with a 30% discrepancy between the ¼ and full-scale samples, as shown in Figure 4a . In contrast, the impact duration for these four size samples were scaled relatively accurate at a whole range of the impact energies, with only a 15% discrepancy found between the values of ¼ and full-scale samples at the highest impact energy, as shown in Figure 4b . 
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Scale Effect on Impact Displacement
Similarly, the impact force vs. displacement traces of four scale size GFRP laminates following that the impact forces and durations for this type of composite can be scaled accurately at relatively low impact energy. However, the scaled maximum impact force of ¼ scaled size sample was much lower than the other three scaled size samples following impact energy of 99.32n 3 , 120.78n 3 and 150.04n 3 J. The dash line represents the maximum impact force of the full-scale samples at an impact energy of 150.04n 3 J, with a 30% discrepancy between the ¼ and full-scale samples, as shown in Figure 4a . In contrast, the impact duration for these four size samples were scaled relatively accurate at a whole range of the impact energies, with only a 15% discrepancy found between the values of ¼ and full-scale samples at the highest impact energy, as shown in Figure 4b . 
Similarly, the impact force vs. displacement traces of four scale size GFRP laminates following six series of impact energies were scaled as shown in Figure 5 . It is evident that all four panels exhibit 
Similarly, the impact force vs. displacement traces of four scale size GFRP laminates following six series of impact energies were scaled as shown in Figure 5 . It is evident that all four panels exhibit almost complete recovery for the three series of small impact energy of 11.93n 3 , 50.26n 3 and 69.68n 3 J, indicative of an elastic response of the composite and little energy being absorbed by the specimen during impact. In addition, the load-displacement curves are nonlinear up to the maximum deflection. Such non-linearity is likely to be due to membrane stiffening effects at higher displacements. An inspection of these three figures indicate that all of the normalized traces fall onto a single unique trace, suggesting that the GFRP obeys the geometrical similar scaling law at a lower impact energy level. It is worth noting that internal damages already generated in these four size samples despite the impact energy level were relatively low, the damage modes will be discussed in Section 4.3. However, the differences in the maximum forces between almost complete recovery for the three series of small impact energy of 11.93n 3 , 50.26n 3 and 69.68n 3 J, indicative of an elastic response of the composite and little energy being absorbed by the specimen during impact. In addition, the load-displacement curves are nonlinear up to the maximum deflection. Such non-linearity is likely to be due to membrane stiffening effects at higher displacements. An inspection of these three figures indicate that all of the normalized traces fall onto a single unique trace, suggesting that the GFRP obeys the geometrical similar scaling law at a lower impact energy level. It is worth noting that internal damages already generated in these four size samples despite the impact energy level were relatively low, the damage modes will be discussed in Section 4.3. However, the differences in the maximum forces between ¼ scaled size laminate and other three size laminates following impact energies above 69.68n 3 J caused the discrepancies on laminate stiffness and energy absorption. The absorbed energy is obtained by the area under the force vs. displacement curve. An examination on normalized force vs. displacement curves of 150.26n 3 J suggests a different failure mode in the ½ size sample, where there is a steady decrease in load after the peak force. In addition, a permanent residual displacement is evident in the curves for the ½ size sample. Nevertheless, it is evident that there is reasonable agreement between the four sets of scaled displacement as shown in Figure 6a , although the scaled absorbed energy of the ¼ size GFRP laminates following impact energies of 150.26n 3 J in Figure 6b is 30% lower than the value of the full-scale size sample, the dash line again represents the absorbed energy of full-scale size sample. It is assumed that the laminates respond quasi-statically during the DWI event and the kinetic energy of the impactor is mainly absorbed by bending/shear, membrane and contact deformations for simply supported samples at elastic deformation. The energy dissipated through surface friction effect, material damping and sound waves are ignored here. Therefore, the contribution of energy absorbed by these three deformations are calculated through an energy balance model as mentioned in the previous work [27] . It was found that the variation trend of energy partition with impact energy for four different scale size samples are similar. Figure 7 gives the energy partition profiles of the full-scale size GFRP laminates to show the trends of energy absorption. Where, Wm, Wb/s and Wc represent the energy absorbed by the membrane, bending/shear and contact deformation, respectively. It can be seen that the membrane and bending/shear deformation contribute almost equally in energy absorption at a low level of impact energy for elastic deformation. However, when penetration is initiated, the membrane deformation absorbed nearly 80% of the energy, and the energy absorbed by bending/shear deformation decreases dramatically to 10%, which is similar to the contribution of contact deformation. The effective stiffness is calculated to revel the variation of stiffness within different scale size laminates. Kb/s summarized the effective bending and shear stiffness of the GFRP laminate as both the associated forces are proportional to the global indentation, Km is the membrane stiffness, which represents the membrane stretching within the laminates. The effective bending/shear stiffness Kb/s can be determined from the individual stiffness using [28] :
The stiffness terms Kb and Ks for the GFRP laminate are bending and shear stiffness, respectively. They are given as [28, 29] : 
where, Er, υr and Gzr are the Young's modulus, Poisson's ratio and shear modulus of the plate respectively. In this study, the Er = 28.3 GPa, υr = 0.3 and Gzr =5.0 GPa, a and h represent radius and thickness of the laminate, respectively, ac is the radius of contact between the projectile and the plate Figure 6 . Variation of (a) normalized displacement and (b) normalized impact energy with scale size n of the GFRP laminates at the six scaled impact energies.
It is assumed that the laminates respond quasi-statically during the DWI event and the kinetic energy of the impactor is mainly absorbed by bending/shear, membrane and contact deformations for simply supported samples at elastic deformation. The energy dissipated through surface friction effect, material damping and sound waves are ignored here. Therefore, the contribution of energy absorbed by these three deformations are calculated through an energy balance model as mentioned in the previous work [27] . It was found that the variation trend of energy partition with impact energy for four different scale size samples are similar. Figure 7 gives the energy partition profiles of the full-scale size GFRP laminates to show the trends of energy absorption. Where, W m , W b/s and W c represent the energy absorbed by the membrane, bending/shear and contact deformation, respectively. It can be seen that the membrane and bending/shear deformation contribute almost equally in energy absorption at a low level of impact energy for elastic deformation. However, when penetration is initiated, the membrane deformation absorbed nearly 80% of the energy, and the energy absorbed by bending/shear deformation decreases dramatically to 10%, which is similar to the contribution of contact deformation. The effective stiffness is calculated to revel the variation of stiffness within different scale size laminates. K b/s summarized the effective bending and shear stiffness of the GFRP laminate as both the associated forces are proportional to the global indentation, K m is the membrane stiffness, which represents the membrane stretching within the laminates. The effective bending/shear stiffness K b/s can be determined from the individual stiffness using [28] : 
It can be seen from Table 4 that the bending/shear stiffness increases when the scale size increases, whereas, the effective membrane stiffness exhibits the opposite trend. The stiffness terms K b and K s for the GFRP laminate are bending and shear stiffness, respectively. They are given as [28, 29] :
where, E r , υ r and G zr are the Young's modulus, Poisson's ratio and shear modulus of the plate respectively. In this study, the E r = 28.3 GPa, υ r = 0.3 and G zr =5.0 GPa, a and h represent radius and thickness of the laminate, respectively, a c is the radius of contact between the projectile and the plate and this was assumed to be equal half of the plate thickness. The subscripts element z and r represent the longitudinal and radial directions of the laminate. The membrane stiffness K m are given as [28] :
It can be seen from Table 4 that the bending/shear stiffness increases when the scale size increases, whereas, the effective membrane stiffness exhibits the opposite trend. Figure 8 shows the back face damage zones of the four scale size plates subjected to impact energies of 11.93n 3 , 50.26n 3 , 99.32n 3 and 150.26n 3 J. The images clearly show that increasing the scale size leads to an increase in the damage area in the scaled GFRP plates. Due to the transparent properties of this material, strong back-lighting can be used to view the internal damage. With some care, it was possible to distinguish between the internal delamination and the front and back face damage. An initial examination of the damage zone on all four size laminates following impact energy of 11.93n 3 and 50.26n 3 suggests that the type of matrix cracking and delamination are alike for all four size laminates, in spite of the fact that the edge length of the specimens varies from 65 to 260 mm. For samples impact with energy of 11.93n 3 and 50.26n 3 , the presence of localized delamination is very clear, it was a more diffuse zone of matrix cracking and fiber-matrix debonding. Fibers damage accompanied with matrix cracking were first observed in full-scale size sample incident with 100 J. However, no sign of fiber fracture was observed on other three scale size samples at this level of impact energy, this verified the findings of load drop was only happened on the force-time trace for the full-scaled size laminates. When the impact energy was 150.26n 3 J, all four scale size samples were penetrated. From the front face images, a permanent dent appears on the surface of all four scale size specimens, indicating that initial penetration has occurred at this impact energy level. Fiber fracture around the point of impact was also evident on the front face, this reflecting as the maximum force drops sharply in the force-time traces due to significant damage propagation. On the back face, the fibers completely pulled out and the last ply was peeled off from the laminate. Similar observations were apparent in all four scaled panels. The internal delamination formed a "diamond" shape in all scaled specimens.
Scale Effect on Damage Modes and Damage Area
perimeter Figure 9b , which indicates that the delamination area also followed a geometrically simple scaling law. The translucent nature of the composite plates enabled the damage area to be readily identified and characterized. The damage area was measured by photographing the samples and tracing the perimeter of the damage zone onto standard graph paper. The damage area was plotted against scale size and illustrated in Figure 9a . As expected, the degree of damage increases steadily with increasing scale size n. Previous work on scaling the low velocity impact response of composites has shown that the impact delamination area should scale as n 2 . The normalized damage areas of four size samples following six sets of incident energies all exhibited nearly horizontal lines as shown in Figure 9b , which indicates that the delamination area also followed a geometrically simple scaling law. 
Discussion
It was found in Figure 2 that damage initiation only occurred in the full-scale size sample when the impact energy is 99.32n 3 J. This indicates that the scale effect existed in damage threshold of this type of GFRP laminates. Wagih [26] also found that an increment of ply thickness reduces the damage threshold load, but it does not influence the load after damage initiation. It is apparent from Figure 4 that increasing the impact energy leads to the maximum force increase for each of the size samples, when the impact energy is below 120.78n 3 J. However, for the highest impact energy of 150.26n 3 J, most of the maximum impact forces are similar to those at an impact energy of 120.78n 3 J, since the damage thresholds were achieved at an impact energy of 120.78n 3 J. It was found that significant damages including fiber fracture and large area of delamination has already occurred within the plates at impact energy of 120.78n 3 J. Moreover, the normalized force data of four scale size samples at lower impact energy level are nearly horizontal, indicating that the maximum impact force follows the scaling law due to only matrix cracking and small area of delamination occurred at these three sets of impact energy, this results also verified other researcher's findings [16, 18, 25] . This is due to the reason that the process of delamination growth defined by means of linear elastic fracture mechanics. For the remaining three sets of data, the impact forces of ¼ size GFRP laminates are deviated from the horizontal line and the maximum deviation is nearly 30% for the highest impact energy. However, the other three series of scaled data are relative reasonable. It can be seen from Table 4 that the two important bending/shear and membrane effective stiffness varies with the scale size of the samples, the bending stiffness scales as h 3 /a 2 and the membrane stiffness scales as h/a 2 , which means different deformation manners play different roles in resisting impact loads for four scale size samples. Moreover, the damage modes become complicated at moderate and high impact energy, this including indentation, fiber/matrix debonding, fiber fracture, large area delamination and penetration. Therefore, when these significant damages occur in the laminates, the microstructural effect would become more important in the smaller samples, which caused the large scale of deviation on the impact force for the ¼ size sample. The scale results of the contact duration for all four scale size samples at six series of impact energies are relatively reasonable.
The scaled displacement data indicates that the displacement of larger size samples can be accurately predicted by that of the small size sample according to the scaling law with impact energies causing damage ranges between barely visible and penetration initiation. This also suggests that the global deformation degree of four size laminates are in coincidence. Moreover, the observed damage modes and damage area for four size GFRP laminates following six series of impact energies are generally identical. This is due to the reason that the damage area is mainly caused by delamination, which is governed by energy release rates. However, the normalized absorbed energy for ¼ size sample are 30% lower than that of the other three size samples at impact energy of 
It was found in Figure 2 that damage initiation only occurred in the full-scale size sample when the impact energy is 99.32n 3 J. This indicates that the scale effect existed in damage threshold of this type of GFRP laminates. Wagih [26] also found that an increment of ply thickness reduces the damage threshold load, but it does not influence the load after damage initiation. It is apparent from Figure 4 that increasing the impact energy leads to the maximum force increase for each of the size samples, when the impact energy is below 120.78n 3 J. However, for the highest impact energy of 150.26n 3 J, most of the maximum impact forces are similar to those at an impact energy of 120.78n 3 J, since the damage thresholds were achieved at an impact energy of 120.78n 3 J. It was found that significant damages including fiber fracture and large area of delamination has already occurred within the plates at impact energy of 120.78n 3 J. Moreover, the normalized force data of four scale size samples at lower impact energy level are nearly horizontal, indicating that the maximum impact force follows the scaling law due to only matrix cracking and small area of delamination occurred at these three sets of impact energy, this results also verified other researcher's findings [16, 18, 25] . This is due to the reason that the process of delamination growth defined by means of linear elastic fracture mechanics. For the remaining three sets of data, the impact forces of 1 4 size GFRP laminates are deviated from the horizontal line and the maximum deviation is nearly 30% for the highest impact energy. However, the other three series of scaled data are relative reasonable. It can be seen from Table 4 that the two important bending/shear and membrane effective stiffness varies with the scale size of the samples, the bending stiffness scales as h 3 /a 2 and the membrane stiffness scales as h/a 2 , which means different deformation manners play different roles in resisting impact loads for four scale size samples. Moreover, the damage modes become complicated at moderate and high impact energy, this including indentation, fiber/matrix debonding, fiber fracture, large area delamination and penetration. Therefore, when these significant damages occur in the laminates, the microstructural effect would become more important in the smaller samples, which caused the large scale of deviation on the impact force for the 1 4 size sample. The scale results of the contact duration for all four scale size samples at six series of impact energies are relatively reasonable.
The scaled displacement data indicates that the displacement of larger size samples can be accurately predicted by that of the small size sample according to the scaling law with impact energies causing damage ranges between barely visible and penetration initiation. This also suggests that the global deformation degree of four size laminates are in coincidence. Moreover, the observed damage modes and damage area for four size GFRP laminates following six series of impact energies are generally identical. This is due to the reason that the damage area is mainly caused by delamination, which is governed by energy release rates. However, the normalized absorbed energy for 1 sample are 30% lower than that of the other three size samples at impact energy of 150.26n 3 J of which penetration was initiated. Moreover, previous work [27] showed that increasing the diameter of the plate increases its ability to store energy in elastic modes of deformation. Therefore, more energy was absorbed by larger size laminates. However, Yang and Cantwell [3] found the total energy absorbed by the sandwich panels is roughly constant for each scale size, at each impact energy. They suggest that any energy that might be lost in the experimental rig is constant, which means it does not vary with scale. The different conclusion given by their research might be due to the reason that local deformation and penetration dominated the energy absorption in thick sandwich panels rather than global elastic deformation. Whereas, global elastic deformation plays a significant role in energy absorption for the relative thin composite laminates.
The present data appear to show that the size of the sample does not have a strong effect on the fiber failure values of maximum load or absorbed energy. The evidence shown in Figures 4 and 6 seem to show this quite clearly. It is possible that the maximum impact force in the larger specimens are underpredicted by linear analysis to a greater degree than in the smaller specimens. Finite element analysis on scale effect of the impact response for GFRP laminates should be carried out in the future work based on the detailed experimental results present in this study. The microstructural effect at higher impact energy can be investigated to fully understand the mechanisms of the scale effect on the impact behavior of GFRP laminates.
Conclusions
The aim of this work is to evaluate the effects of geometric scale on the impact response, damage and failure of glass fiber composite structures. The scaling effect on the low-velocity impact response of unidirectional GFRP laminates was investigated based on a geometry similar scaling law. A series of impact energies ranges, which can cause damage from barely invisible damage to large scale delamination and initiated penetration, were applied on impacting the GFRP laminates. It was found that the impact response of larger GFRP laminates can be accurate predicated using a simple geometrical similar scaling law when the impact response is elastic. The internal damages modes such as matrix carking and delamination exhibit a dependence on laminate size as would be expected from fracture mechanics considerations. However, the impact force and energy absorption of the 1 4 size samples with large scale delamination and penetration, showing great difference to the other three scale size laminates, due to the microstructural effect playing a significant role in the small size sample when significant damages are generated. In practical structural design when significant damages are involved, smaller size samples should be avoided on predicting the impact responses of composite laminates with a very large scale factor. To sum up, these results are still encouraging and suggest that the scaling law has potential to predict the impact response of larger structures. 
